Oxygen starvation triggers the shiftdown of the obligate aerobe Mycobacterium bovis BCG to a state of dormancy. Two-dimensional electrophoresis showed a drastic up-regulation of the ␣-crystallin homolog, the putative response regulator Rv3133c, and the two conserved hypothetical proteins Rv2623 and Rv2626c in dormant bacilli.
Mycobacteria are obligate aerobes; i.e., they require oxygen for growth. However, it has been known for years that tubercle bacilli encounter hypoxic environments in acute disease, as well as in latent infection (32, 34, 39, 40, 45) , and the capability of tubercle bacilli to adapt to hypoxic conditions appears to play a role in vivo (3, 29, 49) . Wayne established a link between oxygen starvation and drug resistance. That author demonstrated that upon depletion of oxygen in culture, the bacillus terminates growth and develops into a defined dormant form (41) (42) (43) 47) . Importantly, the dormant form of the bacterium was found to be resistant against conventional antimycobacterials (46, 47) . Hence, hypoxic dormant bacteria could, at least in part, be responsible for the observed persistence of the pathogen during chemotherapy (11) .
To study the dormancy response in tubercle bacilli, we applied the dormancy culture system that was developed by Wayne for Mycobacterium tuberculosis (47) to the attenuated BCG Pasteur ATCC 35734 strain of M. bovis (19, 20, 24, 31 ). Wayne's dormancy culture system is based on growth of the bacilli under oxygen-limited conditions in sealed tubes with stirring. Initially, the cultures grow exponentially and consume oxygen rapidly. A temporal oxygen gradient is generated, and the cultures terminate growth when the oxygen concentration reaches a hypoxic threshold level. The bacilli in the hypoxic stationary phase are in a reversible, apparently diploid, synchronized state of low metabolic activity, in which the cells maintain viability for extended periods without division (24, 47) ; i.e., the organisms are in a physiological state of dormancy, as defined by Kaprelyants et al. (22) .
Our knowledge of the molecules involved in the mycobacterial dormancy response is fragmentary (5, 15, 17, 18, 26, 30, 37) . Elegant biochemical work showed that dormant bacilli adapt their metabolism to anaerobiosis by switching to nitrate respiration (48) and reductive amination of glyoxylate (44) . Genetic analysis demonstrated that the stringent response plays a crucial role in the adaptation to hypoxic stationaryphase survival (33) . However, only a single polypeptide, the ␣-crystallin homolog, has been shown to be up-regulated in oxygen-starved tubercle bacilli (7, 38, 51, 52) . The induction of this chaperon appears to be under control of the sigma factor SigF (4, 9, 10, 25) . In this study, the dormancy response in BCG was analyzed using two-dimensional gel electrophoresis (21) to identify new dormancy-induced proteins.
Detection and identification of dormancy-induced proteins. Figure 1 (solid circles) shows the growth curve of BCG in the Wayne dormancy culture system. Bacilli were harvested at various time points (Fig. 1 , arrows A to D); washed twice in phosphate-buffered saline; resuspended in lysis buffer containing 9 M urea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM dithiothreitol, pefabloc at 1 mg ml
Ϫ1
, pepstatin at 1 g ml Ϫ1 , and leupeptin at 1 g ml Ϫ1 ; and disrupted with 0.5-mm glass beads using a Mini Bead Beater (Biospec). Protein concentrations were determined using the Bio-Rad protein assay reagents and protocols. A 100-g sample of total protein was subjected to isoelectric focusing using pH 4 to 7 Immobiline Dry Strips and an IPGphor isoelectric focusing unit as recommended by the manufacturer (Amersham Pharmacia) for 62,000 V-h. For separation in the second dimension, sodium dodecyl sulfate-12.5% polyacrylamide gels were used (Protean IIxi system; Bio-Rad) and proteins were detected by silver staining. Figure 2 shows a representative set of two-dimensional gels. Four proteins showed a drastic increase in their steady-state level in the hypoxic stationary phase (Fig. 2, arrows 1 to 4) . The proteins were not (arrows 1, 2, and 4) or weakly (arrow 3) detectable in the extracts from exponentially growing cultures ( Fig. 2A) and appeared as major spots immediately upon oxygen starvationinduced termination of growth (Fig. 2B) . Elevated levels of the proteins were maintained throughout the hypoxic stationary phase ( Fig. 2C and D) . To identify the dormancy-induced proteins, the excised gel spots were subjected to in-gel digestion with trypsin to recover the peptides (36) . Peptide sequence tags were generated from selected peptides by nanoelectrospray tandem mass spectrometry using a quadrupoletime-of-flight hybrid instrument (QSTAR; PE Sciex). Protein identity was revealed by searching sequence databases with a combination of the peptide sequence tags and the mass information (27, 50) . Protein 1 was the ␣-crystallin homolog (Rv2031c) previously reported to be induced in oxygen-starved cultures of tubercle bacilli (51) . Protein 2 was the 23-kDa putative response regulator Rv3133c. Proteins 3 and 4 were the 32-kDa conserved hypothetical protein Rv2623 and the 16-kDa conserved hypothetical protein Rv2626c, respectively. (Protein names and Rv numbers are according to the M. tuberculosis H37Rv genome annotation [6] .)
Transcript levels of dormancy-induced proteins. To determine whether the increase in the steady-state level of the dormancy-induced proteins correlates with an increase in the steady-state level of their mRNAs, total RNA was isolated from exponentially growing and hypoxic stationary-phase cultures and subjected to Northern blot analysis as previously described (19) . Probes were isolated by PCR using BCG genomic DNA as the template. The primers were derived from the M. tuberculosis H37Rv genome sequence (6) (The numbers in brackets specify the primer positions in the coding sequences of the respective genes.) The identities of the PCR fragments were confirmed by sequencing using a Perkin-Elmer ABI Prism 377 automated sequencer. Figure 3 shows high levels of the transcripts for all four proteins in dormant bacilli. In exponentially growing cultures, the transcripts were not or only weakly detectable. The dormancy-dependent increase in the mRNA levels was confirmed by reverse transcription-PCR analysis (Fig. 3) . The primers used were the same as the primers employed to generate the probes for the Northern analysis. Reactions were performed using an Omniscript RT kit and a Taq polymerase kit (Qiagen) as recommended by the supplier. PCR amplification was carried out for 25 cycles. Taken together, these results show that the mRNA levels correlate with the protein levels and indicate that the level of the dormancy-induced proteins is regulated at the transcriptional level.
It should be noted that the up-regulation of the steady-state level of the ␣-crystallin homolog mRNA in an oxygen-starved dormant culture is in apparent contradiction to the results obtained by Hu and Coates (16) . Those authors observed a down-regulation of the transcript in nonagitated cultures of the tubercle bacillus. This discrepancy might be due to the different culture system used by those investigators (14) .
Analysis of dormancy-induced proteins in aerated stationary-phase cultures. Next, we determined whether the induction of the four proteins is specific to the hypoxic stationaryphase cultures generated in the Wayne dormancy culture model, as opposed to aerated stationary-phase cultures. (12, 24) . Anaerobiosis in the stationary phase was monitored using the redox indicator methylene blue (24) . Empty circles show the growth curve of BCG under non-oxygen-limited conditions in roller bottles. Precultures were diluted to an A 600 of 0.05 and grown in roller bottles (10 by 14 cm; 100-ml culture volume). Cultures were aerated in a roller apparatus at 1 rpm. The roller bottles were opened daily for turbidity measurements and to allow exchange of the air. Mean values and standard deviations from four independent experiments are shown. Arrows indicate the time points when samples were taken for protein and RNA analyses. roller bottles. Bacilli were harvested at various time points (Fig. 1, arrows A to D) , and 100 g of total protein was subjected to two-dimensional gel electrophoresis as described above. Figure 4 shows a representative set of gels. The ␣-crystallin homolog and the 16-kDa conserved hypothetical protein were found to be induced in aerated stationary-phase cultures. The two proteins were not detectable in exponentially growing roller bottle cultures and appeared as major spots immediately upon termination of growth (Fig. 4, arrows 1 and 4) . Thus, induction of the ␣-crystallin homolog and the 16-kDa conserved hypothetical protein was not specific to the hypoxic dormant culture. In contrast, the 23-kDa response regulator was not detectable in aerated stationary-phase cultures (Fig. 4 , arrow 2) and the 32-kDa hypothetical protein maintained a level that was similar to its level in an exponentially growing culture (Fig. 4, arrow 3) . Thus, the induction of the 23-kDa response regulator and the 32-kDa hypothetical protein appears to be specific to the dormancy response. These results are consistent with a previous analysis of the protein contents of aerated stationary-phase cultures employing two-dimensional gel electrophoresis carried out by Barry and coworkers (51) . Those authors found one protein, the ␣-crystallin homolog, to be strongly up-regulated in stationary-phase cultures of the tubercle bacillus grown in roller bottles. However, upregulation of the16-kDa conserved hypothetical protein was not reported. This might be due to the parameters used by the investigators for separation of the proteins in the second dimension. The ␣-crystallin homolog migrated at the bottom of their gels. Our studies show that the 16-kDa conserved hypothetical protein migrates below the ␣-crystallin homolog (Fig.  4, arrows 1 and 4) . Hence, the 16-kDa conserved hypothetical protein might have migrated out of the gel under the running conditions employed by those authors.
Conclusions.
In the present work, we identified four proteins that were markedly up-regulated in hypoxic stationary-phase cultures of BCG generated in the Wayne dormancy model. The increase in the steady-state level of the dormancy-induced proteins correlated with an increase in the steady-state level of their transcripts, suggesting transcriptional control of gene expression. To determine whether up-regulation of the four proteins was specific to the oxygen depletion-induced stationary phase, the protein contents of aerated stationary-phase cultures were analyzed. The ␣-crystallin homolog and the 16-kDa conserved hypothetical protein were found to be induced in aerated stationary-phase cultures. This indicates that induction of the two proteins is not specific to dormant bacilli. In con- 32 P]dATP-labeled probes specific to the transcripts encoding the dormancy-induced proteins: 1, ␣-crystallin homolog; 2, 23-kDa response regulator; 3, 32-kDa conserved hypothetical protein; 4, 16-kDa conserved hypothetical protein. X-ray films were exposed for 1 day. Sizes are indicated in bases. 16S rRNA shows the blots after rehybridization with a probe specific to 16S rRNA, demonstrating equal loading of rRNA. Five micrograms of total RNA (prepared from Ϸ20 ml of culture at time point A and from Ϸ35 ml of culture at time point D) was loaded. At the bottom, the agarose gel electrophoretic analysis of reverse transcriptase (RT) PCRs carried out with primers specific to the dormancy-induced genes and 150 ng of total RNA is shown. Carrying out the identical reactions but without the reverse transcription step did not yield any bands, demonstrating that the bands generated by reverse transcriptase PCR were derived from RNA and not from contaminating genomic DNA. A control PCR with genomic DNA yielded bands of the same size observed for the reverse transcriptase PCRs. Reverse transcriptase PCRs with primers specific to 16S rRNA yielded bands of the same intensity independent of the RNA sample; thus confirming equal loading of total RNA into the reverse transcriptase reactions (data not shown). All experiments were repeated once, yielding the same results. The values on the right are numbers of nucleotides.
FIG. 4.
Steady-state levels of dormancy-induced proteins in aerated roller bottle cultures. Protein extracts were prepared at the time points (A to D) indicated by the arrows in Fig. 1 . Samples of total protein (100 g) were prepared from Ϸ25 ml of culture at time point A and Ϸ10 to 15 ml of culture at time points B to D and were subjected to two-dimensional electrophoresis. Panels A to D show silver-stained gels corresponding to the four time points. Arrows 1 to 4 indicate the migration areas of the dormancy-induced protein spots shown in Fig.  2 . The arrowhead shows the 22-kDa alkyl hydroperoxide reductase found to be down-regulated in the aerated stationary phase. Molecular masses (MW) are indicated in kilodaltons. The experiment was carried out four times with the same results.
trast, the 23-kDa putative response regulator was not detectable in aerated stationary-phase cultures. The 32-kDa conserved hypothetical protein was found to maintain a level that was similar to its level observed in exponentially growing culture. This suggests that the expression of the two molecules is not up-regulated upon termination of growth per se. Rather, low oxygen tension appears to be required to increase the level of these proteins. To determine whether hypoxic conditions alone (without concurrent termination of growth) are sufficient to induce the level of the 23-kDa putative response regulator and the 32-kDa conserved hypothetical protein, contents of cultures grown under mild hypoxic conditions that allow ongoing replication have to be analyzed.
The up-regulation of the four proteins in dormant bacilli suggests that they play roles in development of the dormant state and/or maintenance of viability during dormancy. What could their functions be? The ␣-crystallin homolog belongs to the 20-kDa small heat shock protein family and was shown to possess a chaperon function ascribed to other members of the family. Hence, the ␣-crystallin homolog could play a role in enhancing long-term protein stability and, therefore, long-term survival of bacilli (51) . The three new dormancy-induced proteins were predicted by the M. tuberculosis H37Rv genome project (6). However, biochemical or genetic data for these proteins are not available. Two of the three new dormancyinduced proteins are annotated as "conserved hypothetical proteins" (6) . To predict the domain architecture of these proteins, their sequence (derived from M. tuberculosis H37Rv genome database TubercuList [Institut Pasteur, Paris, France; http://genolist.pasteur.fr/TubercuList/] data release R2) was searched against the protein domain families database Pfam (Sanger Centre [http://www.sanger.ac.uk/Software/Pfam/]; version 5.5; 2). The similarity search suggested that the 32-kDa conserved hypothetical protein contains two universal stress protein domains (accession number PF00582). This domain is found in the UspA protein in Escherichia coli. UspA is upregulated in stationary-phase cultures and plays a role in the survival of growth-arrested cells (13) . Thus, it is tempting to speculate that the 32-kDa mycobacterial protein plays a role in survival during dormancy in tubercle bacilli. However, it is important to note that the 32-kDa protein is different from UspA in that it is twice the size and the universal stress protein domain is repeated twice within the molecule. The 16-kDa conserved hypothetical protein was predicted to contain two cystathionine beta synthase (CBS) domains (accession number PF00571). This recently discovered domain is named after the enzyme where it was originally identified (1). The domain is usually present as a pair, and this CBS domain dimer associates to form a single compact structure. Pairs of CBS domains are found in a large number of functionally diverse proteins, such as inosine-monophosphate dehydrogenases and chloride channels (1) . Although the role of the CBS domain in these proteins is unclear, it may be involved in protein-protein interaction and protein regulation. In contrast to these proteins that contain a pair of CBS domains in the context of other, unrelated domains, the 16-kDa conserved hypothetical mycobacterial protein appears to consist of only a pair of CBS domains not fused to other domains.
Most intriguing is the apparently dormancy-specific up-regulation of the 23-kDa putative response regulator. This molecule contains a helix-turn-helix DNA binding domain of the LuxR family and is thus likely to act as a phosphorylationdependent transcription factor (6) . Response regulators, together with their respective sensor histidine protein kinase, are part of two-component signal transduction systems and play key roles in a variety of developmental and adaptive processes in bacteria (23) . Thus, it is conceivable that the 23-kDa response regulator plays a role in the control of the mycobacterial dormancy response. Inspection of the genomic locus surrounding the gene encoding the 23-kDa response regulator in M. tuberculosis H37Rv showed that the gene appears to form an operon with the gene for Rv3132c, which is a putative sensor histidine protein kinase (6) . A recent transcriptional analysis of the gene locus suggests that the two genes are indeed cotranscribed (8) . The genomic organization in BCG is the same (C.B. and T.D., unpublished data), which could indicate that this putative kinase represents the sensor involved in the control of the activity of the dormancy-induced 23-kDa response regulator. Based on the likely cotranscription of the two genes, one might expect dormancy-dependent coinduction of the two proteins. However, inspection of the predicted migration area of the histidine kinase based on its theoretical isoelectric point (pH 4.8) and molecular mass (62 kDa) (6) did not reveal any dormancy-dependent protein spot (Fig. 2) . Whether the failure to detect up-regulation of the histidine kinase on two-dimensional gels might be due to masking of the kinase by other proteins remains to be elucidated by the employment of higher-resolution two-dimensional gels or kinasespecific antibodies.
Two-component systems work by phosphorylation of the response regulator. Why is it, then, that the steady-state level of the 23-kDa response regulator is increased upon entry into dormancy? This phenomenon is found in numerous two-component systems. Conditions that lead to elevated phosphorylation levels of the response regulator cause a concomitant increase in its expression. One example is Spo0A, the master regulator of sporulation in Bacillus subtilis (28) . The response regulator mediates its own up-regulation when the environment signals initiation of this developmental process. It appears that the high phosphorylated response regulator levels needed to initiate the developmental process are not present until a threshold level of the stimulus signals autoactivation and thus amplification of the signal transduction apparatus. In this manner, autoactivation ensures that the program is not initiated inappropriately and allows a rapid response once the appropriate conditions prevail. Whether positive autoregulation is also the mechanism underlying the dormancy-dependent up-regulation of the 23-kDa response regulator remains to be elucidated. Genetic analyses are under way to determine the functional roles of the response regulator, its candidate histidine kinase, and the two conserved hypothetical proteins in the dormancy response of tubercle bacilli.
